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ABSTRACT

Koch, Zachary. M.S., Purdue University, May 2015. Novel Electricity Supply
Techniques for Sustainable Ultraviolet Water Purification. Major Professor: Robert J.
Herrick.

Millions of people have gained access to clean and safe drinking water in the last 15
years. However, millions of individuals continue to experience poor water qualities on a
regular basis. The purpose of this research is to design an ultraviolet water purification
system that utilizes new ultraviolet LED technologies in order to provide potable drinking
water. The intended purpose of this device is to be a long-lasting solution for areas in
need. This is accomplished through the use of promising technologies such as solar
photovoltaic modules and electrochemical double layered capacitors. A village size of 40
people was selected to create a baseline for component selection. Once the system was
specified, testing was done to assess performance for varying solar irradiance levels. This
data was then compared to other ultraviolet systems that already exist.
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CHAPTER 1. INTRODUCTION

This chapter presents an overview of the research topic by defining the research
question, goals, scope of research and the significance of the study. This chapter also
includes definitions of key terms that relate to this topic and the assumptions, limitations
and delimitations that are used to control this research.
Access to potable drinking water, in modern society, may seem to be a
commodity. For many developed nations it is something that is easily accessed through
multiple different sources such as home faucets, drinking fountains and various other
dispensaries. These resources make it very simple for individuals to access potable water
in locations such as large cities or regulated towns. Large-scale water treatment facilities
exist to ensure that individuals may access this water. When considering smaller scale
locations such as rural villages, water wells may be the primary source of drinking water
for the inhabitants. While water wells may provide potable water, they carry the potential
of bacterial contamination (“Bacterial Safety of Well Water - EH,” n.d.).
While it is true that, for many nations, potable drinking water is abundant, this is
not the case worldwide. According to the World Health Organization and UNICEF Joint
Monitoring Program for Water Supply and Sanitation over two billion people have
gained access to improved drinking water sources between 1990 and 2012 (World Health
Organization & UNICEF, 2012). While this is a significant achievement, it still means
that over 700 million people lack easy access to potable drinking water. This, in part, is a
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result of over 1.2 billion people lacking access to electricity, many of which are in remote
locations across Africa and Asia (The World Bank, 2014).
Scientists and engineers have been working towards finding solutions to this
problem. The understanding that people in remote off-grid locations lack access to
potable drinking water has brought much focus on this issue. There are many different
initiatives that are actively focused on bringing solutions to these areas in need. Some
methods of water purification rely on chemical filters to remove bacteria. An example of
this can be seen through the use of the LifeStrawTM filter that was introduced in 2005.
This device utilizes a filter mesh with iodinated resin and granular activated carbon to
provide potable water (Boisson, Schmidt, Berhanu, Gezahegn, & Clasen, 2009). Methods
such as this effectively disinfect water, but suffer from longevity issues. A device such as
the LifeStrawTM is only able to provide potable water for one to three years depending on
its use (Abaño, Angela et al., 2013). Other methods of water purification rely on
electrical energy to power a disinfecting agent. This can be seen with the use of
ultraviolet (UV) light to disinfect water. These UV systems have a dependency on an
electrical energy delivery method that may affect the longevity of the system. The
method considered in this research was that of Ultraviolet Germicidal Irradiation (UVGI).
For the purpose of this research a standard for the potability of the water was
considered. The Public Health and Safety Organization has set a strict set of guidelines
for residential drinking water standards. As the system utilizes UVGI, the standard for
this project was that of NSF/ANSI 55 Class A disinfection. According to the Public
Health and Safety Organization, “Class A systems (40mJ/cm2) are designed to disinfect
and/or remove microorganisms, including bacteria and viruses, from contaminated water
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to a safe level. Class A systems may claim to disinfect water that may be contaminated
with pathogenic bacteria, viruses, Cryptosporidium or Giardia (“Residential Drinking
Water Treatment Standards,” 2002). This class A standard indicates that water that is
meant to be purified must go through a logarithmic removal of harmful pathogens. These
logarithmic reductions indicate how much of the pathogen is removed. It is important to
understand exactly what logarithmic reduction is required in order to qualify for the Class
A disinfection. According to drinking water analysis, a 2.1 logarithmic reduction is
equivalent to that of a 40mJ/cm2 dose (Dyer, Jonathan T. & Lebrun, Rebecca L., 2008).
The research conducted in this work includes an analysis of UVGI systems to gain
a better understanding of how they might be improved. A look at the electrical
requirements was also carried out to help identify feasible alternative power methods.

1.1

Problem Statement

The use of UVGI systems in remote off-grid locations is rising. They promise
potable water from sources that are otherwise unhealthy. One difficulty with this type of
system, however, is that they rely on some form of stored electrical energy. Batteries are
currently being used, but there exists some issues with this. One issue is that, like all
batteries, they have finite storage capacities. It is true that batteries may be recharged but
this is only true for a specific lifespan. Also, for this recharging to occur, another separate
apparatus is needed. This can be accomplished with a variety of electrical energy
generation devices such as electromechanical generators and photovoltaic panels. This
battery depletion and recharging process leads to degradation as discussed later in this
thesis. In addition to this, batteries may not be easily acquired in remote off-grid locations.
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For UVGI systems to become feasible in remote off-grid locations, a long-lasting
alternative is required. This must be something that may be used many times without the
requirements of replacement parts or an external support system. For this to be a long
lasting system, it must be able to reliably operate for a minimum of 10 years under
normal use.

1.2

Research Question

Can novel electricity supply and generation methods and new UV lamp
technologies be utilized to create an effective and long lasting UVGI system for
generating potable water for remote off-grid locations?

1.3

Scope

The scope of this research was on existing technologies that may be utilized to
create a long lasting power supply and generation system. The intended purpose of this
thesis is to assess the utilization of these novel technologies to create a long lasting
system for remote off-grid locations.
Current UVGI technologies were studied to gain an adequate understanding of the
technologies involved. This mainly focused on the source of UV light delivery, as this
was necessary to learn of the power requirements and limitations of such a system.
Additionally, power supply and generation methods were researched and evaluated as to
their effectiveness under such requirements. These technologies were researched and
their durations of functionality were considered. In addition to the research on these
technologies, a prototype energy storage and delivery device was designed to gain data
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pertaining to the technologies in question. This included practicality, unforeseen
circumstances, and any other things that may affect the legitimacy of such a system.
These included the size/weight of the system and the durability and longevity of the
components that were used.

1.4

Significance

Utilizing novel electricity supply techniques and new UV lamp technologies to
create a long-lasting UVGI water purification system has potential benefits. This research
was done to gain a better understanding of new possible ways to supply individuals in
need with safe drinking water.
Current purification systems have been sufficient at providing safe water, but there
are some issues that may arise with them. Some may only work when outside and
exposed to the sun. Other systems are battery dependent which therefore rely on facilities
for recharging. That is, they must always have some source of stored power. This can be
a great problem for remote off-grid locations where these resources may not be readily
available or easily accessible. The aim of this research was to develop a new design for
providing UV light water purification systems that are both effective in purifying water
and long lasting.

1.5

Assumptions

The research and work in this study was carried out under the following assumptions:
•

The use of UVGI to gain safe drinking water is a scientifically proven method.

•

Test equipment utilized was accurate and reliable.
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•

All data obtained through reviews and research is accurate and valid.

1.6

Delimitations

The research was conducted under the following delimitations:
•

Energy generation methods such as electromechanical, hydraulic, geothermal,
hydroelectric, nuclear and thermoelectric energies were not considered.

•

Energy storage methods such as chemical energy storage, thermal energy storage,
and mechanical energy storage were not considered.

1.7

Limitations

The research was conducted with the following limitations:
•

The technologies in question are all commercially available.

•

Conditions that were available for testing.
1.8

Definitions of Key Terms

AC (Alternating Current): Electric current, which periodically reverses direction. This
type of electrical current is often used in home and industrial applications.
Compound Parabolic Collector (CPC): “Static collectors with a reflective surface
following an involute around a cylindrical reactor tube” (L.W. Gill & C. Price,
2009)
DC (Direct Current): Electric current, which flows in one direction only. Batteries, solar
cells, and some generators typically produce this type of current. This type of
electrical current is often used in commercial applications.
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Dielectric: An insulating material utilized to keep two conductive materials from coming
into contact with each other. Dielectrics are typically used in capacitors between
the two electrodes.
LED (Light Emitting Diode): “A semiconductor device that emits light (visible and nonvisible) when an electric current is applied to it” (Cangeloso, 2012).
UVGI (Ultraviolet Germicidal Irradiation): Sterilization of microorganisms utilizing
UV light waves typically in the UV-C spectrum of 100-280 nm. This process of
irradiation or purification has existed for several years and has proven to be
successful under laboratory tests (Burwell, Sylvia M., 2014).

1.9

Chapter Summary

Many millions of people lack access to potable water supplies. This is, in part,
due to the lack of modern facilities for locations that are remote and off-grid. The
importance of researching a way to deliver potable water for individuals in remote offgrid locations was introduced in this chapter. A standard for both the potability of water
and the desired life for a long-lasting system was established. Limitations and
delimitations were identified to provide an accurate representation of what was
accomplished within this research. The following chapter provides research on
technologies that are being utilized and information on how they are able to provide
potable water to these remote off-grid locations.
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CHAPTER 2. LITERATURE REVIEW

UV water purification has existed for many years and can be seen in commercial
systems that are currently available on the market. Systems that are currently in use and
being studied are capable of purifying water in accordance with the NSF/ANSI 55
classification. These systems have some drawbacks, such as requiring an electrical grid or
optimal weather conditions.
This chapter reviews current literature and recent works that pertain to the power
generation and energy storage needed for such a system. In addition to this, relevant new
LED technologies are reviewed. The principles of these technologies are detailed and
assessed for their possible utilization in the design of a novel UV water purification
system.
Throughout the course of this research, multiple different sources were used to gain
information. The hosting sources are listed below.
•

Purdue libraries

•

Science Direct

•

Proquest

•

Google Scholar

•

DIT libraries
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2.1

UV Disinfection

The utilization of UV light to purify water has existed for many years. An
example can be seen with the UV WaterworksTM, which was invented by Ashok Gadgil
in 1995, as an implementation of this technology. Gadgil was already initiating extended
field trials in February 1997 in South Africa in coordination with the South African
Center for Essential Community Services (Gadgil et al., 1997). The fundamental process
of this system involves biologically contaminated water being fed, either by gravity or a
pump system, through a reflective area that contained strong UV light that disinfects the
water, creating safe and drinkable water. UV wavelengths effectively kill,
microorganisms by damaging their DNA so as to prevent the DNA, and the organism,
from replicating (Harm, W, 1980). For the testing of UV disinfection systems, the
standard objects to be tested are typically Escherichia coli (E.coli) and MS2 virus
(bacteriophage) (Yu. Bilenko, I. Shturm, O. Bilenko, M. Shatalov, & R. Gaska, 2010).
For these tests, culture samples are incubated and then the bacteria or virus concentration
is recorded. The culture samples are then exposed to the UV light and the remaining
concentration is tested. This gives the experimenter sufficient data to determine the
logarithmic removal of the bacteria/virus.
UV light is capable of disinfecting water to make it potable. Something that must
be noted is that there are different levels of UV light, UV-A (315 to 400 nm), UV-B (280
to 315 nm), and UV-C (100 to 280 nm) (Burwell, Sylvia M., 2014). Of these three
subcategories, UV-A radiation is much less effective at microbial inactivation than UV-B
or UV-C radiation (Jagger, 1968).
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2.2

Compound Parabolic Collectors

When considering the effectiveness of the UV purification system, an already
existing water purification system was considered and analyzed. This was done to
provide a standard for comparison when reviewing the results of the designed UV-C
system. The water purification method that was chosen for comparison was that of a
compound parabolic collector (CPC.) A CPC is essentially a parabolic reflective dish that
has a transparent pipe running through the apex of the parabola. Water is then piped
through the transparent pipe at a specified flow rate. As the collector receives UV
irradiation, the collector focuses it on the water and kills bacteria that may be in the water.
CPCs rely on strong irradiance levels and temperatures to enhance solar
disinfection. For this, a temperature of at least 45º C is needed to enhance solar
disinfection (L.W. Gill & C. Price, 2009). When considering irradiance required for
disinfection it is clear that a CPC system will not work on cloudy days. An irradiance of
approximately 500 W/m2 is needed, on average, to produce potable water. This means
that for any irradiance lower, a CPC cannot produce water that is safe for drinking.
Another thing that should be considered when analyzing a CPC is the production
capabilities. This refers to the amount of water that a CPC system may purify in a given
amount of time. These systems are not able to disinfect water immediately. Instead, they
require that the water remain in the parabolic collectors for at least 20 minutes before
being dispensed for drinking. This is overcome by creating large systems that may
dispense water at a given flow rate while the remaining water is being exposed to the UV
radiation. As a result of this, it is believed that the capabilities of CPCs are linearly
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scalable in relation to construction size (“Continuous-flow solar UVB disinfection reactor
for drinking water,” 2012).

2.3

UV Light Technology

Current systems that utilize UV light technologies implement the usage of UV
lamps to provide the correct wavelength of light needed to disinfect the contaminated
water. The lamps that are most often used are mercury-based UV lamps. These lamps
contain a filling that is composed of mercury and a starting gas. This starting gas may
vary between different manufacturers, but it is typically argon based (Schalk,Sven et al.,
2006). These lamps are designed to operate within the UV-C spectrum and have the
highest optical output and disinfecting efficiency specifically within the range of 250 to
280 nm.
New breakthroughs in technology have created the possibility of using LEDs as
replacements for the mercury-based lamps that are currently being used. These LEDs are
beginning to provide easier and longer lasting light sources. Table 2.1 details some of the
differences between mercury-based lamps and new UV-C LED technology (HexaTech,
n.d.). The new LED technology allows for many advantages over the mercury-based
lamps. Some of the most notable of these that were considered for this thesis are the
lifetime, ruggedness and voltage requirements. These advantages were considered
because they directly impacted the scope of the experiment.
To create a long-lasting water purification system, one must consider multiple
different criteria. Some of the most important criteria to consider are ruggedness,
effectiveness, and simplicity. These LEDs are able to last up to five times longer than
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mercury lamps and have much simpler power requirements. This means that one would
be able to eliminate electronic components needed to convert DC power to AC power.
This could certainly be beneficial when considering both the price and weight of a system.
The fact that the LEDs are composed of shock resistant semiconductors indicates that
they would be less susceptible than the mercury lamps to accidental damage. This is of
practical value, as this type of system would be used in remote off-grid locations where
replacement parts are not easily accessible.

Table 2.1 Mercury Lamp Versus UV LED Technologies (HexaTech, n.d.)

Attribute

Mercury Lamp

UV LED

Bulb Lifetime

10,000 hours

50,000 hours

Warm-up time

2 - 15 min

Instantaneous

On/Off Cycles

Lifetime Degradation

No Degradation

Intermittent Flow

Programmable

Flow Architecture

10 - 60 min No-flow
Limit
Cylindrical Tube

Drive Circuits

Complex

Simple, Compact

Voltage

110 - 240 VAC

6 - 30 VDC

Emission Wavelength

Polychromatic Fixed

Customizable

Ruggedness

Glass Tube

Shock Resistant Semiconductor

Heavy Metals

Mercury (20-200mg)

None

Adjustable/Versatile
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UV-C LED technologies are capable of emitting radiation at an appropriate
wavelength for microbial inactivation. LEDs have some distinct advantages over
mercury-based lamps. These include their lifetime, ruggedness and simplicity. For these
reasons, UV-C LEDs were considered for this research.

2.4

Energy Storage Method

To have a system that can reliably disinfect water and be long lasting, an
appropriate storage method must be considered. Currently, these UV systems may either
work with battery power or through in-house AC sources. An example of this can be seen
with the UV WaterworksTM. Both of these options, however, have drawbacks when
considering the intended usage of such systems. These purification systems are intended
to be simple and affordable solutions towards providing safe/drinkable water to remote
off-grid locations. The use of an AC power source indicates the need for an AC-DC
converter along with added circuitry. This only adds to the complexity and overall weight
of the design. It must also be mentioned, that the reliable supply of AC power may not be
feasible. Batteries may then seem like a reasonable alternative, as they are able to supply
sufficient power while avoiding heavy weight and grid requirements. This is discussed
further in this research and an analysis of batteries versus supercapacitors is given.

2.4.1

Introduction to Batteries

“Viewed simply, the battery is a self-contained chemical reaction vessel in which
chemical substances give up electrons that flow through an external circuit to other types
of substances that accept electrons. (Silver, 2013)” Batteries exist in many different
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chemical compositions. Common battery chemistries are comprised of lithium-ion (Liion), alkaline, lead-acid, manganese-phosphate, cobalt, nickel-cadmium (NiCd), and
nickel-metal hydride (NiMH). These batteries all operate similarly, but possess different
characteristics. These characteristics vary, but two major concerns are that of specific
energy and cycle life. Li-ion batteries possess the largest specific energy capacity at
around 150-190 Wh/kg. In addition to the high specific energy, Li-ion batteries have a
typical cycle life between 500 and 1000 charge/discharge cycles.(Silver, 2013)
The cycle life of a battery is highly dependent on certain factors. These factors
consist of both temperature and depth of discharge. Depth of discharge is equivalent to
how much (or how deep) a battery has been discharged from its charged state. Batteries
react negatively as a result of large discharges. This means that a battery should not be
fully discharged, as it will greatly reduce the total cycle life. In addition to the depth of
discharge, temperature has a large effect on cycle life and capacity of a battery. Extreme
temperature conditions (both hot and cold) reduce the efficiency of a battery. This is due
to the chemical composition being affected or altered as a result of the temperature.

2.4.2

Introduction to Supercapacitors

Supercapacitors are often labeled as ultracapacitors and double layer capacitors.
These are all names that are used for a capacitor belonging to the class known as
electrochemical double layer capacitors (EDLC). Supercapacitors work in a similar
fashion towards conventional capacitors as they store energy in an electric field resulting
from DC current. The difference is that supercapacitors are able to store a much higher
charge than conventional capacitors. This is achieved through the physical construction
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and properties of a supercapacitor. Conventional capacitors utilize two conductive plates
and a permeable dielectric to allow external circuit electron flow. This dielectric ranges
from ceramic, polymer films and can be as simple as air (Illinois Capacitor Inc, 2012).
Supercapacitors, however, utilize activated carbon electrodes and an electrolytic
separator. This creates an electric field between each electrode and the electrolyte. The
extremely porous electrodes create more surface area and, therefore, allow more ions to
be absorbed. This allows for the distance between electrodes to be minimized, thus
increasing the overall capacitance of the component.

2.4.3

Supercapacitors Versus Batteries

Supercapacitors are able to accumulate large amounts of power in very short
amounts of time. This is due to the fact that they physically store an electric charge. This
is opposed to conventional battery systems that rely on chemical reactions to store charge
over much longer periods of time. This is a critical difference between supercapacitors
and batteries. In addition to the charging time, supercapacitors also discharge energy
much more quickly than batteries. This indicates that supercapacitors have very large
power densities as opposed to batteries, which are lower power dense devices. Batteries
have a much higher energy density, which is measured in Wh/kg. This indicates that a
battery is able to provide power for long periods of time. Supercapacitors differentiate
from this, as they are very power dense. Being very power dense, supercapacitors are
able to charge and discharge very large amounts of power at high rates (hundreds of
amperes) but only over a short period of time.
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In addition to supercapacitors having a higher power density than batteries, there
are many other advantages that supercapacitors have. Table 2.2 illustrates some the most
important of these. It is crucial when developing a system that is aimed to be long lasting
and beneficial to take all of these elements into consideration (Leonard, Kevin C., 2012).

Table 2.2. Supercapacitors Versus Batteries (Leonard, 2012)
Supercapacitors

Batteries

Physically Charged Storage

Chemically Charged Storage

High Power Density, Fast

Low Power Density, Slow

Millions of Charge/Discharge Cycles

Thousands of Charge/Discharge Cycles

No Maintenance

Maintenance Needed

Large Temperature Range (-30º C to 65º C) Limited Range (-10º C to 50º C)

While batteries are able to withstand thousand of charge/discharge cycles, they
will ultimately require replacement even under ideal operating conditions. In remote
locations temperatures may reach critical levels, which can significantly shorten the
lifespan of conventional batteries. As a guideline, the life of a sealed lead acid battery is
cut in half for every 8° C rise in temperature. Also, once damage has occurred as a result
of heat, the capacity cannot be restored (Battery University, 2011). A continued
stress/load on a battery may also adversely affect its lifespan. These issues provide a
compelling argument towards the need of an alternative energy storage method.
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Supercapacitors have many different strengths that differentiate them from
conventional battery technology, but this does not imply that they are perfect. These
supercapacitors have some weaknesses that must be considered as well. While a
supercapacitor has the potential for a high specific power, it also has a rather low specific
energy rating. Specific power is the maximum available power per unit mass and is
measured in W/kg while specific energy is the nominal energy per unit mass expressed in
Wh/kg (MIT Electric Vehicle Team, 2008). Having a low specific energy,
supercapacitors must be much larger than conventional batteries to obtain the same
supply of energy. This is something that must be considered when designing a system to
be used in remote locations. A system containing large amounts of supercapacitors would
simply be too large, complex and heavy to be considered reasonable.

2.5

Power Generation

The utilization of supercapacitors as the main energy storage devices for a UVGI
system may be feasible, but this is only a part of the challenge of creating a long-lasting
system. In addition to the energy storage challenge, power generation is also of great
concern. The necessity is high for a power generation method that is long lasting, cost
efficient, and sufficient for the intended profile of the UVGI system. In addition, the
overall size of this system must be reasonable as it is intended to be taken to and used in
remote locations. Due to these factors, solar photovoltaic panels will be considered.
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2.5.1

Introduction to Solar Photovoltaic Panels

A solar photovoltaic (PV) panel is a panel that captures sunlight and utilizes it to
create an electric current. This is a method of power generation that is considered as it is
reliant only on sunlight and requires minimal infrastructure to support it. The efficiency
of PVs has increased dramatically within the last 25 years and they are being used for
many different applications ranging from home electricity to remote power grids. For
many different reasons, PV panels are suitable for a small-scale remote application where
24 hour electrical service is not necessary and maintenance is an issue (Meah, Fletcher, &
Ula, 2008). This is exactly the type of scenario where a UVGI system would be required
as it would be remote and have no access to a servicing team.
Every PV has its own characteristics such as its efficiency, output levels, lifespan,
and physical properties. “The maximum power point (MPP) is the amount of power that a
PV is able to produce under given circumstances. The maximum power point depends on
several factors including on site solar radiation, temperature, and the connected load if
the load is directly connected.” Because of these reasons, maximum power point tracking
(MPPT) is often employed to ensure that the maximum possible power is obtained from
the PV cells. For the same amount of power, array size depends on the efficiency of the
cell. Solar cells could be divided into three categories according to the type of crystal:
monocrystalline, polycrystalline and amorphous (Meah et al., 2008).
“Solar cells based on silicon (Si) semiconductors account for nearly 90% of all
sales of photovoltaic (PV) products” (National Renewable Energy Laboratory, 2012).
These cells are able to produce substantial quantities of electrical power. This is due to
the Photoelectric Effect, which describes how electrons are emitted from atoms when
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they absorb photons of light (Helmenstine, Anne M, 2014). The purity of the silicon
helps to improve the efficiency of the solar panels. Of the three types of PVs, crystallinebased cells and panels account for the majority of market and production. For crystallinebased cells, monocrystalline is the most efficient at converting energy. The overall
efficiencies for monocrystalline solar panels are, currently, in the 15-21% range. These
are also able to boast some of the longest lifespans for solar cells, as some are rated for
up to 25 years. This still is just a manufacturers warranty, and while further research must
be done, the panels may continue to be effective for many years further. One final
characteristic to note is that due to the manufacturing process, monocrystalline cells have
a very dark (almost black) characteristic. This results in a high absorption of heat, which
causes the total efficiency to reduce at warmer temperatures.
The other type of crystalline-based photovoltaic cell is the polycrystalline cell.
These solar cells are typically lower in efficiency when compared to monocrystalline
cells. Polycrystalline cells produce 75 - 85% of the output for a comparable
monocrystalline cell (Green, Emery, Hishikawa, Warta, & Dunlop, 2012). This, however,
does not rule out polycrystalline cells for use in this research. While polycrystalline cells
are less efficient than monocrystalline, they are still reasonably comparable for energy
generation. In addition, polycrystalline cells have benefits that are desirable for this
research. The largest factor for this is that they are generally less expensive than
monocrystalline cells. This results from the way that the silicone is prepared.
Monocrystalline cells are created individually, where polycrystalline cells are cast poured
(“Choose your solar technology,” n.d.). Another advantage with polycrystalline cells is
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that they do not have as dark of a profile as the monocrystalline. This indicates that they
do not lose efficiency when exposed to hot conditions.
Solar PVs may be considered as a power generating method for the UVGI system,
but there will be some issues that need to be addressed. The first of these is that the
potential difference between the solar panel and the energy storage device may have
adverse effects on the system. At times where the sunlight is low or nonexistent, the
voltage differential between the storage device and the solar panel will cause the panel to
act as a load and drain the charged storage. This issue may be resolved through the use of
a blocking diode. This is an electrical component that is designed to only allow power to
flow one direction. Many photovoltaic panels include this blocking diode as a part of the
entire package, but others do not. In the event that a panel does not include a blocking
diode, they are easy to acquire and have a small forward voltage. Another thing that was
considered is the overall physical dimensions and properties of the PV system. The
system is intended to be simple and rugged, which would necessitate it not being too
large or heavy.
Finally, the performance ratio of a photovoltaic was considered for component
selection. “Performance ratio is the ratio of actual and theoretically possible energy
outputs (Azhar Ghazali M & Abdul Malek Abdul Rahman, 2011).” The performance
ratios of different photovoltaic panels were calculated during a study in Malaysia. The
performance ratio of polycrystalline cells was found to be 14.59% higher than that found
in monocrystalline cells. While it is true that monocrystalline cells are more efficient than
polycrystalline, there is not a large enough difference to justify using them.
Polycrystalline cells, however, are still able to produce adequate power, operate
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efficiently at higher temperatures and maintain a cost effective solution. It is for these
reasons that a polycrystalline photovoltaic panel was selected for the design.

2.6

Challenges of the Design Process

As previously stated, the UVGI water purification system is intended to be a
simple, rugged, cost-effective, and long-lasting alternative to traditional systems. This
means that many different things were taken into account. The overall size of the system
must be of reasonable proportions as it is intended for use in areas where large
infrastructures and construction sites are not feasible. The overall physical properties of
the systems in question (UV lights, Power Generation & Storage) were analyzed to assess
their practicality. As this system is intended to be long lasting, the lifespan of every
component was also considered. Additionally, the required dose of UV radiation was
considered, as it affected the required on time for the UV-C light source.

2.7

Chapter Summary

The need for a long lasting water purification system is one that should simply not
be ignored. A number of systems exist that are capable of providing fresh water, but they
fall short in a variety of ways. Some systems are only capable of purifying a limited
supply of water while others must be used in very specific conditions such as a need for
power from batteries or proper weather conditions. This research looked at the power
requirements that are necessary to provide an effective UV water purification system and
then seek to determine if the technologies in question may be used as suitable alternatives.
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The overall goal was to determine the feasibility of utilizing new and different
technologies to help create a simple and long-lasting system.
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CHAPTER 3. RESEARCH FRAMEWORK AND METHODOLOGY

This chapter contains the design study, hypothesis, means of collecting data,
profile and the system design for this thesis. The purpose of this research was to design a
prototype device that may fit the specified profile. After this, an analysis towards the
feasibility of the system was done. This was based on a number of different factors that
are related to the overall practicality of implementing such a system. The need for a longlasting system is great and this research aims to help aid in this issue.

3.1

Design Study

This research presents a number of different studies in order to gain a better
understanding of the technologies that are currently available for use in this system. The
framework for this study was an analytical approach towards the feasibility of the use of
novel technologies to create a long-lasting UV water purification system. The
technologies in question were considered because they allow for the system to be used in
remote off-grid locations under a variety of different conditions or circumstances.
The aim of this research was to create a prototype power supply and storage
system utilizing the most appropriate technologies. This prototype was then examined
and compared to methods that are currently being employed. To do this, the technologies
considered were analyzed.
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The framework for this study was an analytical assessment towards the feasibility
of utilizing new technologies for a UV water purification system. The question that was
addressed focused on the new technologies that were considered for this research. It was
hypothesized that these new and novel components/methods could be utilized to create a
functional UV water purification system. More importantly is the question as to whether
or not they may be utilized to create a functional UV water purification device that
satisfies the following guidelines.

•

UV LEDs work within proper spectrum for disinfection

•

Solar Photovoltaic provides sufficient power for system

•

Solar component is able to consistently charge a supercapacitor bank to required
charge

•

Can adapt to many different environments (no extra infrastructure needed)

•

Weigh no more than 45 kg

•

Supply up to 80 liters of potable water per day

These specifications were of great importance, as they affect the feasibility of the
system. This system was intended for use in remote off-grid locations that have a
population of 40 persons per village. In addition to the system not weighing more than
45 kg and not requiring extra infrastructure, it was essential that it to be simple to use.
This was to ensure that any person may use it without the need for elaborate training.
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3.2

Hardware Selection

The research that was conducted in this thesis required different types of hardware
to be selected. This included the selection of components for the UV portion, energy
generation, storage and regulation. The following subsections refer to these components
and describe why they were chosen as a part of this research.

3.2.1

UV LED Selection and Testing

To ensure that proper UV purification is being accomplished within the system,
an appropriate UV-C LED array was needed. As the overall goal of this project was not
to prove the effectiveness of UV-C purification, an already existing technique was
studied so that the power requirements of such a system could be obtained. The system
chosen for this thesis utilized UV-C LEDs and a water flow chamber. The water flow
chamber consisted of a cylindrical chamber where four UV-C LEDs were located. The
UV-C LEDs that were used in this experiment were High Power (30-50mW)
UVCLEAN® Lamps that were manufactured by Sensor Electronic Technology, Inc.
These UV-C LEDs have been proven to provide satisfactory germicidal
irradiation as required by NSF/ANSI 55 classification. Figure 3.1 illustrates the
logarithmic reductions of E.coli via the UV-C system and the allowable flow rates of the
water in liters per minute (LPM) (Yu. Bilenko et al., 2010). It is clear that the logarithmic
reduction is satisfactory (at least 2.1 log) for flow rates of up to one and a half liters per
minute. It is also important to note that while the majority of the tests for two liters per
minute were successful, the one outlier that lies below 2.1 log made this flow rate
unacceptable for this research.
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Figure 3.1. Disinfection Versus Flow Rate (Yu. Bilenko et al., 2010)

In addition to the E.coli logarithmic reduction seen in Figure 3.1, the logarithmic
reduction of MS2 (bacteriophage) was recorded for a flow rate of 0.5 LPM. The
logarithmic reduction ranged from 1.6 LOG to greater than 3.22 LOG. For both the E.coli
and MS2 experiments, the UV-C LEDs were set to a moderate 34 mW. This indicates
that the LEDs demonstrate the capability of disinfection. (Yu. Bilenko et al., 2010)
For the water purification experiment, four UV-C LEDs were utilized. These
LEDs are capable of providing up to 50 mW of optical output power. They also operate
in the appropriate UV wavelength for disinfection, which can be seen in Figure 3.2
(Sensor Electronic Technology, Inc., 2011). For the purpose of the experiment, the four
LEDs were operating at 200 mA each. Utilizing data available from the datasheet of these
LEDs, it can be seen that while they are operating at 200 mA, they have a forward
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voltage of about 10 V (Sensor Electronic Technology, Inc., 2011). The I-V curve of these
devices may be seen in Figure 3.3.

Figure 3.2. UV-C Output & Wavelength (Sensor Electronic Technology, Inc., 2011)
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Figure 3.3. UV-C LED I-V Curve (Sensor Electronic Technology, Inc., 2011)

While UV LEDs are becoming increasingly popular and in high demand, this is
only beginning to be true specifically for the UV-C spectrum in specific. As a result of
this, UV-C LEDs are still rather expensive. To overcome this issue, a mock load was
used in place of the LEDs. This load was designed to pull the same 200 mA of current at
10 V for each LED from the power being supplied by the power source. Seen in Figure
3.4, four 5 W/50 Ω resistors with one percent tolerance were placed in parallel to create
an accurate representation of the LEDs operating at 200 mA each.
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Figure 3.4. 5 W/50 Ω Load

3.2.2 Energy Storage and Delivery
The design and implementation of a long-lasting energy storage method was an
important aspect of this research. As this system is intended to purify up to 80 liters of
water, it is important to realize that a good fraction of the water will be desired after the
sun has set in certain locations. Because of this, the energy storage method was designed
so that it would be able to retain and discharge the power that is necessary to purify up to
20 liters of water. This amount was determined on the basis of a 16-hour working day
where 12 of those hours are in the sunlight. This results in one quarter of the working day
being without light. As discussed later in this thesis, the photovoltaic panel that was used
for data has an open circuit (no load) voltage of 21.6 V. For this reason, eight Maxwell
2.7 V 350 F capacitors needed to be placed in series to handle the open circuit voltage of
the solar panel.
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To ensure that the LED replacement load was being supplied the required power
for proper water disinfection an intermediate circuit was necessary. A buck-boost circuit
was selected for this operation, as it was able to provide a steady voltage to the load.
buck-boost converter circuits are DC-DC converters designed to regulate an input voltage.
Buck converters act as a step-down circuit while boost converters act as a step-up circuit.
Combining the two allows for the output to maintain a voltage whether the input is above
or below that value. This circuit was designed to provide a steady 10 V at 800 mA to the
LED replacement load. This circuit was sufficient for the 17.2 V that the solar
photovoltaic provided at its average output and regulated it to 10 V. It was designed to
regulate the solar panel voltage from an input of 3.5 to17.2 V and keep it at a constant 10
V output.

Buck-Boost Controller

3.5 to 17.2 V Input

10 V 0.8 A Output

Figure 3.5. 3.5 to 17.2 Vin to 10 V 0.8 A Out Buck Boost Circuit
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As seen in Figure 3.5 the buck-boost circuit was designed as an entirely solidstate circuit. The printed circuit board (PCB) was designed with DesignSpark PCB
software and then manufactured. The circuit was designed as a solid-state device to
ensure consistent accuracy when delivering power to the UV-C LEDs. This also aided
into the simplicity of the system as a user would not have to attempt to make any
adjustments within the system.
Knowing that the buck-boost circuit works from a range of 3.5 V to 17.2 Vin, the
appropriate sized supercapacitor was calculated from the equation expressed in equation
(3.1)

!=

!∗!
!!!!

!

Eqn (3.1)

Where t is equal to the time needed to purify 20 liters of water at 1.5 liters per
minute, I is equal to the 800 mA output towards the UV LED load and (V-V0) is equal to
the drop in voltage from the capacitor. Inserting these values yields the result:

!=

800!s ∗ 0.8!A
= 46.7153!F ≈ 50!F
3.5!V − 17.2!V

To account for any losses that may be within the system, a capacitance of 50 F
was selected. As seen in Figure 3.6, seven 350 F capacitors were placed in series to gain a
rated capacitance of 50 F at 18.9 V. This is the size of the capacitor bank that was utilized
for testing purposes as it allowed the retrieval of accurate data without the requirement of
additional components.
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Connector

Individual
Supercapacitor

Figure 3.6. Seven Supercapacitors Connected in Series

3.2.3

Photovoltaic Power Selection

A major part of this research was the assessment of solar photovoltaic panels as a
method of energy generation. For this, there are numerous options that are commercially
available. The photovoltaic module that was selected for testing purposes is the
Photowatt PW1650. This is a 12/24 V high efficiency model that operates at 165 W
(PhotoWatt Technologies, 2008). For the 12 V configuration the open circuit voltage is
21.6 V and the short circuit current is 10.2 A. The typical operating voltage of this solar
panel is 17.2 V at 9.6 A. This photovoltaic was selected as the model for the power
supply due to its relatively high power capabilities at voltages below 20 V, which is
desired.
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3.3

Testing, Measurements & Instrumentation

The methods used for testing the components consisted of multiple different
processes. Many different tools and components were used to accomplish the testing of
the individual sections for this research.

3.3.1

Solar Photovoltaic Simulation

To achieve accurate and replicable data for the power generation method in
question, an alternative to a physical solar panel was utilized. This was accomplished
through the use of a MASTECH HY5020EX power supply. This power supply is capable
of providing the desired 17.2 V at up to 20 A, which is more than sufficient for this study.
The Photowatt PW1650 solar module is capable of providing up to 10.2 A at its
optimal output, under typical conditions it can generate 9.6 A. This can be viewed on the
devices datasheet (PhotoWatt Technologies, 2008). Utilizing the provided I-V curve for
given irradiances for the solar panel, the MASTECH power supply was set so that the
output would simulate that of the solar panel. The output was then connected to the
supercapacitor bank and tests were performed to gain information regarding charging and
discharging times.

3.3.2

Accuracy

To gain accurate charge testing, the supercapacitor bank had to be sufficiently
depleted from a charge at 17.2V. To allow multiple tests to happen, this had to be done
quickly and in a safe manner. The supercapacitors had an absolute maximum current of
250 A, and were capable of discharging at a very high rate. This required some safety
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precautions. The discharging of the supercapacitor bank was accomplished through the
use of a power resistor load bank. This may be seen in Figure 3.7 where there are 12
power resistors set up in a manner that results in a 2 Ω load that can easily handle the
power being delivered.

Individual
Power
Resistor

Figure 3.7. Power Resistor Discharging Rig

3.4

Profile

The overall profile for this system was intended for use in remote off-grid
locations. Environmental factors such as weather and terrain may inhibit the operation of
a purification system. Because of this, a number of factors were considered. The first is
that this system must not require a large infrastructure (mechanical or electrical). This
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necessitates that the device must be easily transported with minimal utilities such as cars,
etc. Another factor that was taken into account is that this system should be easily used in
a variety of different environments.
Considering remote off-grid locations, one may not neglect the possible absence
of maintenance and education for the system. Therefore, this system needed to be both
easy to operate and sturdy/rugged enough to withstand everyday life/abuse. This ensures
that a failure of the device would be less likely. Understanding that access to spare
components for repair is not a viable option for these locations, the design required
minimal moving parts.

3.5

Theory of Operation

The UV water purification system, upon initial setup, begins to generate power
via the solar PV panels. This power is then stored in the designed supercapacitor bank
where the charge may be utilized. In the situation that solar light is not available, the user
may then utilize the stored power to activate the UV-C LEDs. At any time, once the
supercapacitor bank is sufficiently charged, a user may then pour contaminated water into
the system. Once the contaminated water is flowing within the system, the UV-C LEDs
are activated to draw from the power that was generated and light up in order to disinfect
the water. The resulting water, on the output end, is safe for the user to drink. The system
was of reasonable proportions so that the user may take advantage of the system in a
variety of different circumstances.
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3.6

Summary

The final outcome of this research was to assess the feasibility of utilizing new
technologies to create a long-lasting and efficient UV water purification system. This
thesis provides relevant information as to the physical properties of the technologies and
their possibilities to be utilized within such a system.
This chapter has provided the framework, design study, parameters and testing
methods for this research. It has also briefly described some of the methods utilized when
physically designing and testing the system.
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CHAPTER 4. RESULTS AND ANALYSIS

This chapter covers the results from the hardware and simulation tests. An indepth analysis of the components and circuits used is given. The results from the tests are
then analyzed so that the proposed system may be validated or invalidated.

4.1

Charge Testing

With a reliable and replicable source of power that could mimic the output of the
solar panel, the charging of the supercapacitors was tested. For this, the seven
supercapacitors in series were attached to the output of the MASTECH power supply. A
digital multi-meter was then placed across the positive and negative lead of the
supercapacitor bank to gain accurate data.
According to the I-V curve of the Photowatt PW1650 and equation (4.1), the
supercapacitor bank was then charged at several different simulated irradiances ranging
from 1000 W/m2 down to 100 W/m2. This was done through current limiting on the
power supply as the solar panel acts as a nearly constant current source. The amount of
time it took to charge the supercapacitor bank up to 17.2V was measured and recorded.

!
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(Eqn 4.1)
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Where K is Boltzmann’s Constant which is equal to 1.3806503*10-23 J*K-1, Ipv,n
is the short circuit current of 10.2 A, G is solar irradiance (in W/m2) while Gn=1000, and
Δ T is equal to (T - Tn) where Tn = 25º C and T is the measured temperature.
A table of the charging times, under optimal conditions, for different irradiances
may be seen in Table 4.1.

Table 4.1. Charging Time to 17.2 V Under Optimal Conditions
Irradiance

Charge Time to

Charge Time to

(W/m2)

17.2 V

17.2 V

(Seconds)

(Minutes)

1000

80

1:20

800

100

1:40

600

140

2:20

500

165

2:45

400

210

3:30

200

405

6:45

100

900

15:00

While this data is helpful, it is important to remember that these charging times
are under the most optimal of conditions. As the temperature fluctuates, the power output
of the solar panel varies. For this reason, several more charging tests were conducted for

39
temperatures at 0º C, 25º C, 45º C, and 60º C. Tables 4.2 to 4.5 show the resulting
charging times as a result of these different temperatures.

Table 4.2. Charging Time to 17.2 V at 0º C
Charge Time to

Charge Time to

17.2 V

17.2 V

(Seconds)

(Minutes)

1000

85

1:25

800

104

1:44

600

140

2:20

500

168

2:48

400

208

3:28

200

410

6:50

100

910

15:10

Irradiance
(W/m2)
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Table 4.3. Charging Time to 17.2 V at 25º C
Charge Time to

Charge Time to

17.2 V

17.2 V

(Seconds)

(Minutes)

1000

86

1:26

800

105

1:45

600

145

2:25

500

170

2:50

400

221

3:41

200

417

6:57

100

921

15:21

Irradiance
2

(W/m )

The charging times from zero to 17.2 V at these two temperatures (0º C & 25º C)
are very consistent and relatively similar. In order to gain a full charge of 17.2 V on the
supercapacitors on a cloudy/overcast day of 100 W/m2, one would only have to wait
approximately 15 minutes. Conversely, on an extremely sunny day of 1000W/m2, it
would only take about one and a half minutes to be fully charged to 17.2 V. This varies
from the results at 45º C and 60º C.
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Table 4.4. Charging Time to 17.2 V at 45º C
Charge Time to

Charge Time to

17.2 V

17.2 V

(Seconds)

(Minutes)

1000

87

1:27

800

108

1:48

600

145

2:25

500

180

3:00

400

240

4:00

200

2040

34:00

100

N/A

N/A

Irradiance
2

(W/m )

While the charging times are relatively similar to those of 0º C and 25º C, it can
be seen that at 200W/m2, the charging time spikes quite high. Also important to note is
that the data for 100W/m2 states that it is not available. The reason for these changes is
that the source current for these two irradiances at 45º C drops significantly. However,
this does not mean that the solar panel produces zero watts. For 100W/m2, the solar panel
charges the supercapacitor bank to 4.5 V in just over three minutes. Also, for 200 W/m2,
the solar panel charges up the bank to 5.5 V in just below two minutes.
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Table 4.5. Charging Time to 17.2 V at 60º C
Charge Time to

Charge Time to

17.2 V

17.2 V

(Seconds)

(Minutes)

1000

91

1:31

800

127

2:07

600

198

3:18

500

312

5:12

400

N/A

N/A

200

N/A

N/A

100

N/A

N/A

Irradiance
2

(W/m )

Again, while the charging times are relatively similar to those of 0º C and 25º C,
it can be seen that at 400W/m2, 200W/m2 and 100W/m2 the table states that the data is
not available. For 400W/m2, the solar panel charges the supercapacitor bank to 7.5V in
one minute and 20 seconds. For 200 W/m2, the solar panel charges up the bank to 4.5V in
one minute and 36 seconds. Finally, for 100W/m2, the panel charges up the bank to 3.5V
in two and a half minutes.
While the charging times are relatively similar at different temperatures for
particularly sunny times, they can be seen to fluctuate in lower sunlight conditions.
Figure 4.1 shows an overall comparison of the charging times based on irradiation and
temperature.
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Figure 4.1. Charging Time Comparison

4.1.1

Charge Simulation

In order to ensure that the charging of the supercapacitor bank followed the
expected results, a computer simulation was done. This simulation was done through the
creation of a schematic using Multisim Circuit Design. This circuit was designed to
charge a 50 F capacitor bank at different irradiance levels through the use of a solar
photovoltaic panel. The solar photovoltaic component in the Multisim circuit contained
equations that mathematically modeled the operation for the Photowatt PW1650’s
electrical specifications. This included many different factors such as temperature, the
number of individual cells in series and parallel and the operating power supplies. For the
given irradiances at 25º C, the simulated and actual results were compared and the
percent difference may be seen in Table 4.6.
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Table 4.6. Charging Simulation Versus Actual Results
Charging Time
Irradiance (W/m2)

Difference in
Results (%)

1000

4.41

800

5.84

600

0.83

500

2.80

400

1.28

200

5.18

100

1.74

The actual results were all similar to that of the expected/simulated results. While
it may be seen that the differences fluctuate, it must be noted that these differences are in
the unit of time. For the charging system, these percent differences indicate a difference
of approximately 20 seconds maximum. This was deemed acceptable, as it would not
have a detrimental impact on the use of the system. Some of the differences may be due
to manufacturer tolerances and any losses that were within the physical system. The
computer simulation did not account for any intermediary resistances from components,
connections or wires. Because of this, a difference was expected between the simulation
and physical experiments.
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4.2

Load Testing

Upon completion of the supercapacitor charging tests, the next phase was to test
the power capabilities with respect to the LED load. This was done in a similar fashion to
that of the charge testing. The designed buck-boost circuit was set so that the output
would be 10 V across the LED replacement load. One digital multimeter was then set to
read only the voltage across the load. The supercapacitor bank was then set up to produce
a positive voltage across the load through the buck-boost circuit. A digital multimeter
was placed to read the positive voltage output coming from the supercapacitor bank. This
observed and timed until the voltage across the load was no longer 10 V. The test was
conducted multiple times to ensure accuracy. The results may be seen in Table 4.7.

Table 4.7. Load Powered ON Time
Test Number

Time Load is ON (Minutes)

1

13:38

2

13:34

3

13:50

4

13:35

5

13:34

4.3

Charge Sustainment

The final testing was to have a completed system and to acquire the data for
charge sustainment. This data acquisition was done in two parts. The first part was to test
if the supercapacitor bank was able to effectively hold a charge for an overnight period
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without losing too much power due to losses. This test was simple as it only required the
bank to be fully charged and left unattended for the 12 hours then measured. The results
of these tests may be seen in Table 4.8.

Table 4.8. 12-Hour Charge Loss
Test Number

Voltage Loss from 17.2V (V)

1

0.31

2

0.67

3

0.17

The second part was to test the current level needed to sustain the charge of the
supercapacitor bank while the LED load is being energized. Due to the nature of the
supercapacitors and the load, this current varied. As the charge of the supercapacitor bank
dropped, the current needed to sustain 10 V for the LEDs raised. This can be seen in
Table 4.9.

47
Table 4.9. Current Required to Sustain Charge
Charge Voltage (V)

Minimum Current Required (A)

15

0.62

14

0.67

13

0.70

12

0.75

11

0.82

10

0.90

9

1.00

8

1.16

7

1.28

6

1.52

5

1.79

4

2.29
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CHAPTER 5. DISCUSSION, CONCLUSIONS & FUTURE WORK

5.1

Discussion

Both the energy generation and storage components of this research operated as
intended. According to a study performed in Malaysia, a day with an average irradiance
less than 600 W/m2 was considered to be a cloudy day (Azhar Ghazali M & Abdul Malek
Abdul Rahman, 2011). It can be seen that even for a cloudy day, the solar irradiance may
remain somewhere between 200 W/m2 and 400 W/m2 with occasional spikes. This bodes
well with the results obtained from testing, as these are still acceptable levels to gain an
adequate charge for most temperature ranges. At 60º C, the system will struggle to keep
the LEDs lit, as it will only charge the supercapacitor bank up to 4.5 V at 2 A. The 2 A
that it will charge at will be very close to what is needed to sustain the charge while the
LEDs are energized. With the probability of the temperature reaching temperatures that
hot on a cloudy day being so low, it is safe to say that this system will work sufficiently
during cloudy days.
As this system is capable of fully charging the supercapacitor bank and providing
adequate power for UV purification, it may be analyzed with respect to a compound
parabolic collector (CPC) unit. These systems are capable of purifying water through
UV-B purification, however they require at least 25 W/m2 of UV-B intensity, which is
roughly equivalent to 500 W/m2 of solar irradiance (L.W. Gill & C. Price, 2009).This
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bodes well for the system that is being proposed, as it is able to outperform CPCs on
cloudy or overcast days with less than 500 W/m2 of solar irradiance.
Another thing that must be considered is the overall production of potable water
from the proposed system in comparison to that of a CPC system. A study performed in
Kenya with a CPC allowed for clean water to be dispensed at up to 10 liters per minute
under optimal conditions. This water, however, had to remain under UV radiation for at
least 20 minutes before it was safe to drink (L.W. Gill & C. Price, 2009). This is much
different than the system implemented in this research as the water is purified
immediately, but at a slower 1.5 liters per minute. Again, the advantage to the proposed
system is that it will still operate in cloudy or overcast environments.
One final important thing to note is the overall physical dimensions of the system.
The Photowatt PW1650 solar module that was selected was 1082mm X 1237mm and
weighs 18 kg (PhotoWatt Technologies, 2008). The supercapacitors have a height of
73 mm, a diameter of 33 mm and a weigh 60 grams each (Maxwell Technologies, 2013).
A system containing the appropriate amount of capacitors plus hardware components and
the regulating circuit weighs approximately 0.5 kg. As the components require minimal
space, a housing may be created at a low weight. This in addition to the UV-C LED
chamber should be relatively lightweight and easy to transport. As noted above, the solar
module is the largest component, but it still fits within the weight requirements that were
previously stated.
5.2

Estimated Life of System

When considering the effectiveness of the system, the estimated life span needed
to be considered. For this analysis, the three main components of the system were
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analyzed. The three components that were considered were that of the Photowatt
PW1650 solar panel, the Maxwell supercapacitors and the UV-C LEDs. These three
components were the most likely to fail within the system and it was for that reason that
they were assessed.
The Photowatt PW1650 solar panel had a rated life 25 years. This does not,
however, indicate that it will no longer be useful after this time. Instead, it only indicated
that the power output or the efficiency of the panel may decrease from its rated values.
While this may affect the performance of the system, it should be noted that it will not
render the system ineffective.
The energy storage component, which was comprised of the Maxwell
supercapacitors, was more difficult to analyze for life expectancy. This was due to the
characteristics of the supercapacitors. The rated amount of cycles for the supercapacitors
was 500,000 cycles (Maxwell Technologies, 2013). If the capacitors were to be cycled
every time the LEDs were operated, this would translate to well over 100 years of
operation. The supercapacitors, however were not intended to be cycled for every single
use. Ideally, the supercapacitors will hold a charge while the LEDs are being utilized.
This is due to the irradiance levels throughout the day. When held at full charge, the life
of the supercapacitors is rated at 10 years. Alternatively, when the supercapacitors are
fully discharged, they are only rated for 4 years. As the state of charge on the
supercapacitors is bound to fluctuate daily, the overall lifespan was difficult to estimate,
but it was estimated to be well over 10 years.
Finally, the UV-C LEDs were rated for 50,000 hours. This was simple to consider
as the state of the LEDs was intended to be either fully on, or completely off. Under the
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assumption that the LEDs would be cycled on average 10 times per day, the estimated
life is nearly 60 years of operating time.

5.3

Estimated Cost of System

As the purification system is intended to aid villages in remote off-grid locations,
it is important to consider its cost. A system that is not easily obtainable due to financial
restrictions will not be of much help. The largest price portion of the purification system
is currently allocated to the UV-C LEDs. These LEDs are just beginning to be researched
more thoroughly and are not in mass production in the same manner as standard color
LEDs. Prices vary for the UV-C LEDs, but they range from about 3,000 USD to 5,000
USD per LED. As these LEDs are research and utilized more they will begin to drop in
cost, but this is currently where the price stands.
The photovoltaic panel is the second largest financial portion of the system. For
the panel that was utilized, the price is set to roughly 1,000 USD. While less expensive
options may be considered, the factors mentioned previously must be considered. The
remaining portions of the system include the electrical components and physical
hardware. These elements cost approximately 350 USD. This indicates that to physically
build a purification system such as this it would cost approximately 13,350 to 21,350
USD. As mentioned, as the UV-C LEDs are utilized more the overall cost of the system
will lower, making the system more affordable.
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5.4

Conclusion

The purpose of this research was to assess the feasibility of utilizing new
technologies to create a long-lasting and effective UV water purification system. Already
existing water purification systems were used for comparison and assessment. Overall,
the system designed in this research has proved to be more than satisfactory. The system
was able to reliably provide power to the UV-C LED load under multiple external
environmental conditions. In addition to this, it was able to provide enough power from
the stored charge to satisfy the requirement to reliably purify 20 liters of water on one
charge.
5.5

Future Work

Future work with UV-C LED technologies will help to increase the optical output
and decrease the electrical requirements. The price point will also decrease as more
efficient production methods are created. Not only will this lead to more information
pertaining to UV LED water purification, but it will also help to increase the demand for
UV-C LEDs, as individuals will have more information and access to them.
Future works with these technologies may focus on active balancing the
individual supercapacitor. Active balancing would allow for a shift in charging so that the
full capacity of the supercapacitor bank is being utilized. This was neglected in the
research to avoid overcomplicating the system, but it is reasonable to consider for future
work.
Another point of research may be to assess the scalability of such a system A CPC
is assumed to be linearly scalable. This assumption may be tested for UV-C LED
purification as well.
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APPENDIX.

Figure A 1. 3.5-17.2Vin to 10V 0.8A Out Buck Boost Circuit Schematic
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Figure A 2. Multisim Solar Photovoltaic Charging Simulation

